Sound masking can improve speech privacy in rooms by increasing background-noise levels that mask distracting speech sounds. The Lombard Effect indicates that an increase in background-noise level can increase talker voice levels, reducing speech privacy and the benefit of a sound-masking system. To investigate this, a model of an existing open-plan office was created in CATT-Acoustics and validated. The model was used to predict speech-transmission index (STI) and the effectiveness of a sound-masking system, without and with the Lombard Effect, described by the existing Lombard Voice Model. Predictions were made for ambient-noise levels of 30, 40 and 45 dBA, at various distances from a primary talker, and for 0-4 secondary talkers. With 30-dBA ambient noise, STIs at 1 and 4 m varied with the number of talkers from 0.67-0.91 and 0.23-0.62 without the sound-masking system, from 0.58-0.70 and 0.13-0.25 with it but ignoring the Lombard Effect, and from 0.64-0.73 and 0.18-0.27 with the Lombard Effect. The Lombard Effect reduced the benefit of the sound-masking system by 14-67% and 5-50%. With higher ambient noise, the system is less effective; the Lombard Effect can cancel its benefit, resulting in increased STI (decreased privacy) with the system operating.
INTRODUCTION
Sound masking can improve speech privacy (SP) in rooms by increasing background-noise levels that mask distracting speech sounds. Sound masking was considered necessary in the office-design guidelines of Hardy [1] . However, the Lombard Effect elucidated by Lombard [2] , indicates that an increase in background-noise level can increase talker voice levels, reducing SP and the benefit of a sound-masking system. This paper discusses the effect of the Lombard Effect on the benefit provided by sound masking in an open-plan office, by way of physical measurement and prediction. An existing open-plan office in the University of British Columbia was investigated, and a model of this open-plan office was created in CATT-Acoustics and validated. The model was used to predict speech-transmission index (STI) and the effectiveness of a sound-masking system, without and with the Lombard Effect, described by the existing Lombard Voice Model. Predictions were made for ambient-noise levels of 30, 40 and 45 dBA, at various distances from a primary talker, and for 0-4 secondary talkers. 
OPEN-PLAN OFFICE AND EXPERIMENTAL WORK
The investigation was based on an existing open-plan office -the BSS Lab (a student study area) in the naturally-ventilated CIRS building at UBC (see Figure 1 ). The structural shape of the BSS Lab is approximately a rectangular parallelepiped, with length = 15.3 m, width = 10.2 m and height = 3.7 m. The surfaces and furnishings are mostly sound-reflective. L-shaped desks are partially surrounded by 1.25-m-high partitions.
Acoustical measurements were made in the unoccupied Lab. Background-noise measurement was performed using a Rion NA-28 sound-level meter. Impulse-response (IR) measurements were made using WinMLS installed on an Acer laptop computer. The sound-level meter was connected to the input of the laptop; an 'omnidirectional' dodecahedral loudspeaker array which generated maximum-length sequences was connected through a Bryston 4B power amplifier to the output. From the filtered IRs, the 125-to 8000-Hz octave-band sound-decay curves and reverberation times (T30) were calculated. Measurements were also made of total A-weighted sound-pressure levels (SPLs) corresponding to a Casual voice using a speech-source with directional-radiation characteristics similar to those of a human talker. Figure 2 shows the Lab floor-plan and measurement configuration. Table 1 shows the unweighted octave-band, and the A-weighted, total ambient background-noise levels (BNL) measured in the BSS Lab. The total A-weighted level is a very low 30.2 dBA. Figure 3 
PREDICTION METHODS
In order to analyze the effect of a SMS, and of the Lombard Effect, the CATT-Acoustics software was used to create a model of the BSS Lab and predict speech-transmission index (STI) in it. CATT-Acoustics is a roomacoustical prediction tool based on ray-tracing and the image-source method. Room structures and surfaces were characterized by values of their absorption and diffuse-reflection coefficients. BNL was defined in octave bands as the measured values in Table 1 . The room contains a primary talker speaking to a listener at which the acoustical conditions are evaluated, as well as a number of secondary talkers. The talker voice level ('Casual' [3] ) was defined. The total noise level (Ln) results from BNL and the reverberant field of the voices of the secondary talkers. The speech level (Ls) is the result of the direct field of the voice of the primary talker. Echograms and derived acoustical parameters -reverberation time (T30, for an omnidirectional source), speech-source SPLs (speech levels, Ls) and STI -were predicted.
The model of the BSS Lab was created by modeling the major surfaces of the room and its furnishings, and defining their acoustical characteristics. Figure 4 shows the geometric model. Table 2 shows the absorption and diffuse-reflection coefficients used in the model, taken from Refs. [4] and [5] . Diffuse-reflection coefficients were estimated based on material shapes, surface rigidity and roughness [6] . Model verification is necessary to ensure the validity of the model and the accuracy of its predictions. Figure 3 (a) shows the T30 comparison. The differences varied from -3.3% at 1000 Hz to +8.5% at 500 Hz. The model is acceptable for use to investigate the effects of a SMS and the Lombard Effect.
SOUND-MASKING SYSTEM
The benefit of an SMS was first investigated for a BNL value of 30 dBA as in the existing BSS Lab, as well as for higher values of 40 and 45 dBA, more typical of mechanically-ventilated buildings. Even higher values of BNL were not investigated since they are higher than the optimal masking-noise level of 45-48 dBA [7] ).
System Design and Modelling
For an open-plan office like the BSS Lab (with screens 1.25-m high, some reflective surfaces and moderate furniture absorption), the masking-noise levels in third-octave bands should be as shown in Table 3 [7] . Note that these levels correspond to an A-weighted total level of 46.5 dBA. Figure 4 shows the assumed locations of the SMS loudspeakers. The distances between them are 3.0 m in width, and 5.6 m in length. The output levels (in terms of free-field levels at 1 m) of the loudspeakers are shown in Table 4 .
The uniformity of SPLs in the office area was predicted to verify uniformity. Eight receiver positions, 1.2-m high, were defined in the room model, as shown in Figure 5 . Since the BSS Lab is approximately symmetrical with respect to the length and width axes, the receivers were only located in one-quarter of the area. Receivers 1 to 6 were placed in the seats of workstations, Receiver 7 was in the main pathway and Receiver 8 was at the room center. 
FIGURE 5. SMS prediction loudspeaker (dots) and receiver positions (numbered squares).
FIGURE 6. SMS SPLs predicted at eight receivers for uniformity verification and acceptable variation. Figure 6 shows the average and range of the SPLs due to the SMS at the eight receiver positions predicted in the BSS Lab. The results indicate that the SMS as designed increases the background noise to the desired levels, and that the uniformity of the levels is acceptable. After introducing the SMS into the BSS Lab, the average noise level increased from 30.2 to 46.4 dBA, as shown in Table 1 . 
LOMBARD EFFECT
To predict talker voice levels considering the Lombard Effect, the Lombard Voice Model proposed by Hodgson, Steininger and Razavi [8] was used. This involved modeling the room and predicting talker voice levels using the Lombard Voice Model [8] , and then modeling the room and the (primary and secondary) talkers, and predicting speech and noise levels, room echograms and corresponding STI values, using CATT-Acoustics. It models a room with an ambient non-speech background-noise level, BNL, and a primary talker speaking to a nearby primary listener at received speech level Ls. The room also contains a number of more distant secondary talkers. The model predicts the voice output level of all talkers using diffuse-field theory and a model of the Lombard Effect, given the room dimensions, absorption (or reverberation time), the number of secondary talkers, and the total backgroundnoise level Ln due to the combined reverberant field of the non-speech sources, possibly including an SMS, and the secondary talkers' voices. The Lombard Voice Model equation is as follows [8] :
In Eq. (1), L pff1,n , asym, xmid and scale are Lombard Voice Model constants; the values, as shown in Table 5 , were chosen from references, experience and historical data [8] . The reverberation times used in the Lombard Voice Model were the measured values instead of those predicted, as they were considered more accurate. Talker voice levels, determined using the Lombard Voice Model, were used to define the output of the speech source in the model of the BSS Lab and to predict STI at different receiver distances. The prediction results at 1 and 4 m are shown in Figures 8 (1 m) and 9 (4 m).
With BNL=30.2dBA, consideration of the LE increases STI (decreases SP) by up to 0.03-0.06 (3-9%) to 0.64-0.73 at 1 m, and by 0.02-0.05 (3-22%) to 0.18-0.27 at 4 m, the effect increasing with the number of talkers. The benefit of the SMS (decreased STI) decreases by 14-67% from 0.09-0.21 to 0.03-0.18 at 1 m, and by 5-50% from 0.10-0.37 to 0.05-0.35 at 4 m. With higher ambient noise levels, such as BNL=40 or 45 dBA, the increased noise level due to the SMS of course has less effect, as discussed above. However, with the Lombard Effect taken into consideration, the benefit decreases and can be canceled -the Lombard Effect can almost cancel the benefit of the SMS, resulting in increased STI (decreased SP) relative to that with no SMS. With BNL=40 dBA, for example, the benefit of the SMS (decreased STI) decreases by 15-67% from 0.06-0.13 to 0.02-0.11 at 1 m and by 6-38% from 0.08-0.16 to 0.05-0.15 at 4 m due to the LE. With BNL = 45 dBA the corresponding decreases are 50-100% at 1 m and 0-50% at 4 m. In both cases the effects increase with the number of talkers.
CONCLUSION
The effects of ambient background noise, including its increase due to an SMS, were predicted for various numbers of talkers, without and with consideration of the Lombard Effect. Without considering the Lombard Effect, the SMS slightly impairs SI within workstations, but can significantly improve SP between workstations. The effects increase with the magnitude of the change in noise level due to the SMS, and with the number of talkers in the room.
The Lombard Effect significantly reduces the benefit of an SMS on improving SP between workstation. The reduction in benefit decreases as the amount the SMS increases noise levels decreases; when the increase is small, the Lombard effect can cancel the estimated benefit. The results confirm that the Lombard Effect should be taken into consideration when designing an SMS and predicting its benefits.
